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Abstract: We propose a new technique for determining the spin of new massive parti-
cles that might be discovered at the Large Hadron Collider. The method relies on pair-
production of the new particles in a kinematic regime where the vector boson fusion pro-
duction of color singlets is enhanced. For this regime, we show that the distribution of
the leading jets as a function of their relative azimuthal angle can be used to distinguish
spin-0 from spin-12 particles. We illustrate this effect by considering the particular cases
of (i) strongly-interacting, stable particles and (ii) supersymmetric particles carrying color
charge. We argue that this method should be applicable in a wide range of new physics sce-
narios.
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1 Introduction
The TeV energy scale is expected to contain an array of new particles predicted in ex-
tensions of the Standard Model (SM) that address electroweak symmetry breaking, nat-
uralness, and hierarchy problems. Among the most widely discussed scenarios are super-
symmetry, extra dimensions, grand unified theories, and technicolor. Assuming that new
particles are discovered, the challenge will be to ascertain which new physics model — in-
cluding the possibility of one not yet considered — best accounts for them. This task will
be complicated by a degeneracy among many scenarios in basic experimental signatures. A
determination of the particles’ quantum numbers will provide key input in discriminating
among the candidate models.
One of the most important measurements — and the focus of this paper — is the deter-
mination of particle spin. It is, for example, one of the primary ways to distinguish super-
symmetry from universal extra dimensions (see e.g. [1]). Theorists have devoted consider-
able effort to developing methods for diagnosing spin at a hadron collider or a possible new
linear collider [2–8]. The simplest method is to determine the kinematic dependence of the
Drell-Yan pair production cross section [4]. More sophisticated methods rely on the spin-
dependence encoded in the decays of the produced particles. This approach is challenging
for pp collisions at the Large Hadron Collider (LHC) since a full kinematic reconstruction of
the decay is not possible in events with two or more invisible particles, barring long decay
chains where the origin of the visible particles can be unambiguously identified. As many
extensions of the SM contain dark matter candidates that would be produced in cascades
at the LHC, this can be an especially limiting constraint. Though it can be quite powerful
in many circumstances [2, 3, 5–7], there are many generic examples of new physics where
such technique cannot be applied. Similar considerations apply to the measurement of
spin information contained in quantum interference between different decay amplitudes [8],
though this measurement technique is “model independent,” there are many cases where
insufficient kinematic information is available to reconstruct the observables which contain
spin information. Though each of the spin measurement techniques referenced here have










































Figure 1. Representative Feynman diagrams which dominate the production cross section after
application of VBF cuts, as described in text. In the abelian calculation, only the first two (t-
channel) diagrams exist. The massive new physics particles have momenta p1 and p2; though
drawn as fermions, we will also consider scalars in this work. The incoming and outgoing partons
with momenta k1, k2, k3 and k4 are drawn as quarks, but in our work, we also consider antiquark
and gluon contributions. Momentum labels are the same as in figure 3.
desirable to develop complementary spin probes that may either be applied in cases where
the known techniques fail or used to confirm spin determinations made by other methods.
In this paper, we propose a new spin measurement technique that does not require
even partial reconstruction of the new particles’ momenta. The method relies on isolat-
ing a kinematic regime in which vector boson fusion (VBF) pair production is enhanced
relative to other mechanisms (e.g., Drell-Yan). Representative Feynman diagrams with
the largest contributions after these cuts are shown in figure 1. Either of the initial state
partons (labeled k1 and k2) can be a quark, anti-quark, or gluon, and the partonic identity
of k1 and k2 need not be the same. In this regime, we focus on the forward (or leading) jets
associated with the final state partons labeled k3 and k4 and show that their differential
distribution as a function relative jet-jet azimuthal angle, ∆φ, can be used to diagnose the
spin-statistics of the produced massive particles.
In particular, we find that the sign of the cos 2∆φ term in the distribution differs for
spin-0 and spin-1/2 particles. The dependence on ∆φ can be understood as the physical
observable arising from the interference of helicity amplitudes associated with the vector
bosons involved in the pair production of new particles. Information on the new particles’
spin — encoded in the Lorentz structure of their pair production amplitude — is com-
municated to the interfering vector boson helicity amplitudes. The resulting azimuthal
distribution of the leading jets probes this information. As we show below, by experimen-
tally determining the sign of the cos 2∆φ component of the dijet distribution, one has as
a result particularly clean “diagnostic” of the new particle’s spin.
Our investigation of this technique has been heavily influenced by previous studies of
dijet correlations in VBF [9–13]. The earliest work concentrated on the use of weak boson
fusion (WBF) to discover an invisibly decaying Higgs boson or to probe the CP proper-
ties of the Higgs coupling to the weak bosons [9, 10]. At the partonic level, the WBF
process can be isolated from the large QCD and tt¯ dijet backgrounds using the distinctive
pseudorapidity difference (∆η) and dijet invariant mass (mjj) distributions. The resulting






tial cross section for ∆φ < pi/2, whereas the remaining Standard Model dijet background
favors the opposite hemisphere. Subsequent Monte Carlo studies by the ATLAS collabora-
tion indicate a persistence of this signal after accounting for parton showering and various
trigger options [14]. A discovery of the invisibly decaying Higgs would be possible with 30
fb−1 of integrated luminosity for a wide range or Higgs boson masses if the effective cross
section is more than 60% of the SM Higgs production cross section.
Subsequent studies of the Higgs boson CP properties considered both WBF [10] and
gluon fusion (GF) [11, 12]. The ∆η and mjj distributions for the two classes of VBF pro-
cesses are quite distinct, leading to different event selection criteria for each. For both pro-
cesses, however, the appearance of a distinctive ∆φ distribution associated with various CP-
even and CP-odd couplings of the Higgs to vector bosons appears to be associated with lead-
ing jets that are widely separated in pseudorapidity (see, e.g., figure 11 of ref. [12]). Thus,
imposing an event selection cut on |∆η| appears advantageous for enhancing the ∆φ signal,
even for GF for which the ∆η distribution itself is not useful for isolating the fusion process.
Motivated by these observations, we consider the ∆φ distributions for pair production
of new particles through the VBF process in the large ∆η regime. We find that as the ∆η
cut is relaxed, the distinctive signal associated with spin-0 or spin-1/2 particles vanishes.
To gain further insight into this result, we show analytically that the signal is associated
with the two fusion bosons in the color (or weak isospin) singlet state. In the case of GF,
color singlet dominance — or color “coherence” of the leading jets — has been intuitively
associated with a rapidity gap, since a color singlet object is unlikely to radiate significantly
in the central region (for a discussion of these expectations, see, e.g. ref. [15] and references
therein). Overlapping minimum bias events and minijet activity will populate the central
region — considerations that are likely to apply to the earlier GF studies [11, 12] as well as
in the present case. Nevertheless, it is intriguing that the spin-dependent signal associated
with the underlying hard event is associated with both a large separation in pseudorapidity
and a color singlet configuration.
As a practical matter, one must be able to distinguish the leading jets from jets pro-
duced in the decays of the produced particle pair, particularly in the case of GF where
the latter is produced strongly. In this respect, we note that the forward jets relevant for
our observable are essentially initial state radiation (ISR) associated with the hard event.
Typically, ISR is an undesirable but unavoidable fact of life at hadronic colliders, ISR jets
being easily confused with jets originating in decays of new physics. Considerable work has
gone into separating these two classes of hadronic activity (see e.g. ref. [16, 17], in which
ISR must be distinguished from the decays of gluinos in order to make mass measurements,
and ref. [18] where jet kinematics are used to statistically identify ISR jets). These stud-
ies suggest that the prospects are promising for isolating the jets of interest to the spin
determination from the decay products. We defer a detailed study of jet identification
(i.e. hadronization, jet finding, and inclusion of full ISR and FSR effects) to future work,
and concentrate here on the physics of the underlying signal. While these effects are non-
trivial, we note that the more complete analysis on the VBF Higgs search [14] — from which






In what follows, we first demonstrate the spin-dependent ∆φ correlation with a sim-
ulation for scalar and spinor stable strongly-interacting particles, i.e. R-hadrons [19, 20].
This is an interesting illustrative scenario in its own right, as the spin of stable particles
cannot be measured using the standard techniques (see refs. [21, 22] for exceptions), but
also has the attractive property of being background-free. We also show, through explicit
simulations, that the same effect is present for strongly interacting supersymmetric par-
ticles and for Standard Model tt¯ + jj production. The fact that this spin measurement
technique survives in the supersymmetric example is of particular interest, not only be-
cause of the wide body of literature on this type of new physics. Supersymmetric gluinos
are Majorana, and it is useful to see that the spin correlation is present in this case as
well as for Dirac fermions. Furthermore, the supersymmetric models have a large number
of VBF production diagrams (beyond those present in the simplified R-hadron model),
and it is again instructive to see that the spin-correlation remains after their inclusion.
Note that, in all these cases, the relevant vector boson is the gluon. We anticipate that
the same spin-dependent ∆φ signal should also be present for weak boson fusion (WBF).
Although WBF can be isolated through the ∆η and mjj distributions, and backgrounds
further reduced through use of the central jet veto (see, e.g., refs. [23–26] and references
therein), the event rate would be very reduced. Consequently, we concentrate here on the
GF case in order to demonstrate the basic concept of the technique.
In the next section we explain in detail the underlying concept behind our new
spin measurement technique, and analytically demonstrate its utility in the toy exam-
ples of scalars and spinors charged under an abelian gauge group. In section 3, we
apply the technique to simples models with non-abelian QCD interactions, using Mad-
Graph/MadEvent [27] and CalcHEP simulations [28]. As will be shown, inclusion of color
factors greatly complicates the analytic calculation, but does not change the overall appli-
cability of the method.
2 Analytic calculations with Abelian examples
As outlined in the Introduction, we are interested in the pair production via VBF of two
heavy particles with two forward jets. The interference of the vector bosons helicities is
set by the Lorentz structure of the pair production matrix element, and in turn affects the
distribution in ∆φ of the two forward jets. To make this causal chain clear, we begin with
an abelian gauge group as the vector bosons which fuse, and consider only the dominant
Feynman diagrams in order to make the computation tractable (see figure 1). The full
calculation of abelian gauge groups, kinematic cuts, and all involved diagrams are necessary,
but require numeric simulation to calculate, and will be described in section 3. Here, we
restrict ourselves to a tractable subset of diagrams and significantly constrained kinematics,
in order to gain some intuition for the expected signal.
To set the theoretical framework, we consider pair production of massive particles
in a regime where VBF is kinematically favored. As illustrated in figure 2, the event
contains two forward jets (J1 and J2) as well as the two new particles (each having mass











Figure 2. A VBF event in an idealized detector volume. The massive new physics particles are
labeled p1 and p2; their momentum is not required to be reconstructed. The two forward jets J1
and J2 — numeric ordering here is arbitrary — have azimuthal angles φ1 and φ2, which measured
from an arbitrary plane. Only the difference in angle ∆φ ≡ |φ1 − φ2| has physical meaning.
reference plane. The location of the reference plane is arbitrary, as is direction of the z-axis,
making the labeling of jets as “1” and “2” arbitrary as well (in the absence of jet tagging).
Consequently, the only physically quantity is the relative azimuthal angle ∆φ.
Our labeling of the kinematics of the VBF amplitude is indicated in figure 3, largely
following the conventions of ref. [13]. Frames I and II are the Breit frames for q1 and q2,
respectively; i.e. the momenta q1,2 ≡ (0, 0, 0, Q1,2). Frame X is the center of mass frame for
the pair production of the new physics particles. Again, though we draw all diagrams as
if the incoming and outgoing partons are quarks, in our full numerical calculations, we do
include antiquark and gluon contributions. The polarization vectors of the gauge bosons
are proportional to eihiφi , where i = 1, 2, and hi is the polarization of the boson defined
relative to the positive z-axis. As we are interested in the kinematic region where k3 and
k4 are very forward, for our analytic calculation we can make the approximation that these
particles are colinear with the z-axis (i.e. colinear with q1 and q2). With this choice, the
phase angles φ1 and φ2 are the same as the physical azimuthal angles in figure 2. Clearly,
in the full calculation, this is not a completely valid approximation; but as we shall see in
the numeric calculations, the conclusions we derive here do apply, as the kinematics cuts
which select VBF-type production also force the jets to be approximately colinear.
With these choices of angles, the matrix elements for the emissions of the gauge
bosons can be expressed as Mi(θi, φi, hi) = eihiφiMi(θi, 0, hi). Thus, any dependence on
φ1 and φ2 in the amplitude must be due to interference between matrix elements of the
different polarizations. The resulting contribution to the differential cross section then
a yields set of 24 functions (sines and cosines) whose arguments are linear combinations
of the φj . As discussed above, in this paper we retain only the terms dependent on ∆φ.
Moreover, if the pair production amplitude is CP-invariant as we will assume here, then
only the cosine terms survive. Thus,
dσ
d∆φ
= A0 +A1 cos ∆φ+A2 cos 2∆φ . (2.1)
Depending on the properties of the new physics, it may be possible to construct a
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Figure 3. Kinematics for VBF in Frames I, II and X. Frames I and II are the Breit frames for
the bosons q1 and q2, and Frame X is the center of mass frame for the pair production of p1 and
p2. See text for further details. Azimuthal angles φ1 and φ2 are defined relative to the production
plane of the massive particles (momenta p1 and p2). Polar angles θ1, θ2 and Θ are defined relative
to the beam axis in their respective frames.
φ1 + φ2. In such cases, the coefficients of the remaining functions may contain additional
interesting information about the properties of the new physics. However, as this is not
universally possible in all examples, for this work, we concentrate only on the ∆φ terms.
The VBF kinematics induces a basic cos ∆φ dependence on the cross section that
typically overshadows the contribution to A1 from the interfering amplitudes [9]. The
fusion process tends to knock the produced pair and recoiling jets on opposite sides of a
suitably defined reference plane, favoring a smaller ∆φ. In resonant production, this ∆φ
bias can be exploited in searches for “invisibly” decaying Higgs bosons produced through
WBF [9, 14]. In contrast, the cos 2∆φ term is dominated by the interference of the VBF
amplitudes, receiving no significant kinematic contribution. Importantly, we find that the
sign of the coefficient function A2 is opposite for scalars (positive A2) and spinors (negative
A2). While in this section, we only demonstrate the sign flip between the two spin choices,
the results of our simulations in section 3 will show that, while the cos 2∆φ correlation is
subleading, it is sufficiently large to make its relative sign a useful spin diagnostic.
The coefficient A2 arises from the interference of the VBF pair production matrix
















Here (PS) is the phase space factor;M1 andM2 are the parton → parton + gauge boson
production amplitudes (see figure 3); and Mpair is the VBF amplitude for production of
the heavy pair. Performing the helicity sums leads to
A2 = (PS)M1(+1)M1(−1)∗M2(−1)M2(+1)∗Mpair(+1,−1)Mpair(−1,+1)∗ + (1↔ −1).
(2.3)
In the illustrative simple case considered in this section, that of abelian gauge bosons
(e.g., photons), the fusion amplitudeMpair is generated by the standard Compton diagrams






of the t-channel diagrams of figure 1 gives
Mscalar = g2Q2
{
(1 · 2)− 4
[
(p1 · 1)(p1 − q1) · 2
q21 − 2p1 · q1
+
(p1 · 2)(p1 − q2) · 1
q22 − 2p1 · q2
]}
. (2.4)
Choosing polarization vectors (with hi = −1, 0,+1) to reflect the angular momentum in
the z-direction, ±1 = 
±
2 ≡ ±. It is then obvious that M(+1,−1) = M(−1,+1), which
demonstrates that
A2 ∝ |Mscalar(±1,∓1)|2, (2.5)
and is therefore positive. Though a more lengthly calculation is involved, this argument
also holds for VBF scalar pair production by non-abelian gauge bosons.
The calculation for spinors is similarly straightforward, but the origin of the negative
sign of A2 (opposite that of the scalars) is less transparent. However, a closed form ex-
pression can be obtained in the limit that the two abelian gauge bosons are massless and
on-shell (q21 = q
2
1 = 0). Defining λ =
√











which is clearly negative. It is interesting to note that the minus sign (relative to the scalar
calculation), arises from the anticommutation of fermion operators in the simplification
of the expression for Mpair(+1,−1)Mpair(−1,+1)∗, thus making the connection between
the sign of cos 2∆φ and spin clear.
We now briefly mention the difficulties in analytic calculation for the non-abelian
fermionic example, before continuing on to the numeric simulations. In the explicit cal-
culation of the non-abelian example, two terms arise: a positive contribution with an
antisymmetric color factor [T a, T b], and a negative contribution — identical to eq. (2.6) up
to an overall a symmetric color factor {T a, T b}. These two terms correspond to the two
gluons being in a color octet and color singlet state, respectively. As we shall see, numeric
calculation for off-shell gauge bosons confirms that the coefficient is overall negative, mean-
ing that the color singlet state (symmetric term) dominates. This is an intriguing result,
and we give a heuristic explanation. Helicity conservation and the kinematics of nearly for-
ward jets (typical of ISR) favors a spatially symmetric configuration for the fusing gluons,
and thus a color symmetric (singlet) two gluon state. However, without an application of
kinematic cuts on the 4-body phase space, this is not reflected in the analytic calculation.
3 Simulations with QCD gauge forces
We therefore turn to a full calculation of the jet distributions using non-abelian gauge bo-
son. As outlined previously, a realistic computation involves additional subtleties, though
we find from simulations that the sign difference persists. The non-abelian Compton
amplitude Mpair contains a dependence on the structure constants and generators of
the gauge group as well as contributions from a diagram involving fusion of two gauge






A0, A1 and A2 receive additional contributions from heavy particle pair production via
a bremsstrahlung gluon. If production was primarily via an on-shell intermediary (i.e., a
resonance), the ∆φ signal would be governed by the coupling of the intermediary to the
two gauge bosons rather than by the spin of the produced pair. However, such production
is not dominant in the cases we consider here.
To illustrate the spin-dependent sign of the cos 2∆φ, we first specialize to VBF pro-
duction of R-hadron pairs at the LHC (for an overview and references, see e.g., ref. [29]).
These stable, strongly interacting particles would have striking signatures at the LHC,
either appearing as “slow muons” that are highly ionizing [29, 30], or as stopped tracks in
the detector [31, 32]. The background is therefore limited to detector errors, which we will
ignore for this study. R-hadrons were originally proposed in supersymmetric models with
a gluino or squark as the lightest (or next-to-lightest) supersymmetric particle [33–39],
though other theories can provide similar particles (for an excellent overview, see ref. [29]).
Null results from searches from ALEPH [40], CDF [41], and LEP2 [42], exclude particles
of masses less than ∼ 200 − 250 GeV, depending on the theoretical assumptions made,
while the LHC should be able to find R-hadrons up to a few TeV in mass [29, 43]. In
addition, since standard spin measurements cannot be applied to stable particles, new
techniques would be necessary in order to study the spin of R-hadrons [22].
We assume some new Z2 quantum number (R-parity in supersymmetry) that requires
R-hadrons to be pair produced. As strongly interacting particles, this production can
proceed via VBF mediated by gluons (“gluon fusion,” or “GF”). Matrix elements for two
heavy fermions or scalars plus two jets from pp initial states are generated in MadGraph,
and Monte Carlo simulations in MadEvent [27]; such simulations correctly include all inter-
ference terms as well as production from a bremsstrahlung gluon. To isolate the kinematics
in which the GF process is enhanced relative to Drell-Yan, we impose the following cuts:
ηj1 · ηj2 < 0, |ηj | ≤ 5, |ηj1 − ηj2 | ≥ 4.2
pT,j1 ≥ 30 GeV, pT,j ≥ 20 GeV, Mjj ≥ 500 GeV (3.1)
|ηR−hadron| < 2.1, pT,R−hadron > 50 GeV.
Here, ηj is the jet pseudo-rapiditiy; Mjj is the dijet invariant mass; and pT denotes the
transverse momentum of a given particle. The jet cuts are necessary in order to reduce the
non-VBF events [44, 45], while the R-hadrons cuts are of lesser importance, and simply
require the heavy states appear in the barrel of the detectors.
We generate 40,000 events for the LHC at
√
s = 10 TeV for simple, 500 GeV, scalar and
Dirac spinor R-hadrons, in which the heavy particles only couple to gluons. After all cuts
the spinor cross sections are 33 fb (spinor) and 21 fb (scalar). The differential cross sections
dσ/d∆φ for the two models are shown in figure 4, along with the best fits to eq. (2.1).
It has been demonstrated that the VBF-isolating jet cuts outlined in eq. (3.1) tend
to induce a positive cos ∆φ mode in the distribution [9]. The expected positive A1
mode is found both the scalar and spinor simulations. The cos 2∆φ coefficient A2 is not
affected by the cuts, and we see a significant difference between the two spin cases. The




















Figure 4. Differential cross section dσ/d∆φ as a function of difference in the azimuthal angle of
VBF jets ∆φ. The differential cross section for fermionic R-hadron pair production is shown in
blue, and the best fit to A0 + A1 cos ∆φ + A2 cos 2∆φ is shown with a solid line. The scalar cross
section is in red, and the best fit is shown with a dotted line.
Appropriately normalized to the constant term, we find the scalar A2/A0 is 0.22, while in
the spinor example, A2/A0 = −0.14. Without background, the statistical significance can
be estimated as ∼ |A2/A0|
√
N , necessitating ∼ 30 fb−1 of luminosity for measurement at
several sigma. We find that the dominant partonic subprocess involves gluon radiation
from light quarks. We also observe that the ∆φ signal disappears when the pseudo-rapidity
cuts are removed, indicating the dependence of this method on kinematically selecting a
region in which the color-singlet VBF process is relatively enhanced.
The correlation between spin and the sign of A2 is independent of the charge conjuga-
tion of the produced fermions. In the case of supersymmetry, for example, one may wish
to determine the spin of strongly interacting superpartners (squarks and gluinos) using
GF. In this case the gluinos are Majorana fermions, in contrast to the Dirac R-hadron
fermions explored above. The results of an analogous simulation for 550 GeV up-type
squarks and 600 GeV gluinos are given in figure 5. Here we again see the sign change of
the cos 2∆φ term when comparing squark (A2/A0 = 0.24) and gluino (A2/A0 = −0.09)
pair production. In contrast to the R-hadron case, isolating the signal associated with
pair production of superpartners will require additional cuts to suppress Standard Model
backgrounds. As our focus here is on the establishing the basic signal (and indeed, we
have not specified the branching ratios of the squarks and gluinos) rather than on its
isolation, we defer a detailed study of background reduction to a future analysis. We do
note that previous studies of Higgs production via VBF found that the Standard Model
background did not have a 2∆φ mode [10–12].
To ensure that the effect is not an artifact of our choice of event generator, we have
repeated the calculation for the dominant partonic sub-process using Calchep [28] and
confirmed the MadGraph/MadEvent results. As a final check we have computed Standard
Model tt¯+ jj production in GF kinematics and find a negative sign for A2. Depending on
the heavy particle mass m and assuming decays involving heavy flavor, tt¯+jj could become
a significant background that would mimic the ∆φ signal associated with new fermions. In







































Figure 5. Differential cross section dσ/d∆φ as a function of ∆φ. The differential cross section
for gluino pair production is shown in blue (scale on left), and the best fit with a solid line. The
right-handed up-type squark cross section is in red (scale to right), and the best fit is shown with
a dotted line.
4 Conclusion
In this work, we have demonstrated a proof of principle for the use of the sub-leading ∆φ
distribution as a spin diagnostic in a kinematic regime where color-singlet GF appears
to be kinematically enhanced and where the heavy particle pair production is dominated
by their lowest order gauge interactions. We anticipate that the method will generalize
to higher spin states and to pair production through weak vector boson fusion. Strong
production of R-hadrons provides the cleanest illustration as the signal has a large cross
section and is essentially background free. Other cases — such as VBF production of
supersymmetric particles — in which the heavy particle decays produce additional jets
and/or missing energy will require additional cuts for appropriate signal isolation. As
indicated above, recent investigations in this direction [16, 17] are encouraging for the
prospects of appropriate jet identification in the context of GF.
More generally, one may ask whether one expects a sub-leading ∆φ-dependence
associated with other multiparticle production mechanisms, such as VBF-pair production
described by higher-dimension ( non-renormalizable) operators, or even particle production
not associated with fusing vector bosons. As indicated earlier, we expect that the ∆φ
signal generated by VBF of an s-channel resonance that subsequently decays into a
pair of new particles would be governed by the coupling of the fusing vector bosons to
the resonance rather than by the spin of its decay products. A detailed study of these
questions — along with an investigation of background suppression and other practical
considerations — will appear in forthcoming work.
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